ABSTRACT Eighty percent of the single-strand DNA breaks induced by y-irradiation were prevented by the hydroxyl radical (-OH) scavenger dimethyl sulfoxide (Me2SO); CH4 was generated in the process as a product of the interaction of -OH and Me2SO. In contrast, Me SO completely blocked DNA nicking by an iron/ H202 system which produces -OH but smaller amounts of CH4 from Me2SO. Because Me2SO prevented DNA breaks from the more efficient iron/H202 system but only blocked 80% of irradiation-mediated nicking, the results sugest that -OH is responsible for 80% ofthe DNA single-strand breaks and the remaining 20% is due to interactions not involving OH.
H202 system which produces -OH but smaller amounts of CH4 from Me2SO . Because Me2SO prevented DNA breaks from the more efficient iron/H202 system but only blocked 80% of irradiation-mediated nicking, the results sugest that -OH is responsible for 80% ofthe DNA single-strand breaks and the remaining 20% is due to interactions not involving OH. vents the formation of 80% of the single-strand breaks in DNA introduced by ionizing radiation in the presence of oxygen. During both of these processes, CH4, a product of the interaction of OH and Me2SO (8, 10) , is generated. The results indicate that at least 80% ofsingle-strand breaks introduced in DNA by ionizing radiation are due to an indirect effect and that 80% ofbreaks are probably generated by -OH; 20% ofbreaks are due to some process other than -OH, but our results do not indicate whether this process is direct or indirect.
Lethal damage to cells exposed to ionizing radiation has been attributed mostly to effects on the structure of cellular DNA. For this reason the radiochemistry of DNA and its component parts has been studied extensively in the past 3 decades (for reviews, see refs. 1 and 2). Damage to DNA from ionizing radiation might occur directly ifenergy were transferred, without intermediates, to ionize or to excite components of the DNA. Damage might also develop indirectly if irradiation of water generated toxic products which then reacted with the DNA. One recent analysis ofthese processes based on theoretical considerations concluded that both direct and indirect damage to DNA occurs and that about 45% ofthe damaged nucleotides are derived from the direct interaction (3). This is important because radioprotective agents, which are believed to act by scavenging the toxic products such as -OH and other free radicals, are likely to interfere only with the indirect processes. Experiments with many such agents have found that about 70% of the single-strand breaks introduced into DNA by ionizing radiation can be eliminated, suggesting that only 30% of the breaks result from direct action of radiation of the DNA (4, 5) . In these studies the frequency ofradiation-induced strand breaks was estimated from the sedimentation rate of damaged DNA on alkaline sucrose gradients. It is known that alkali-labile lesions in irradiated DNA can be converted into interruptions in the DNA phosphodiester backbone (6, 7) . Measurements in alkali therefore overestimate the number ofbreaks. We have reinvestigated this question using procedures that assess the direct formation ofsingle-strand breaks more accurately. We also have studied in detail the radioprotective effect ofthe -OH scavenger dimethyl sulfoxide (Me2SO) (8) (9) (10) (11) .
Animals (12) or cells (13) irradiated in the presence of Me2SO have enhanced survival, and Me2SO is also known to protect against certain damage to DNA (14) . Here we show that Me2SO completely eliminates formation of DNA single-strand breaks by a chemical system (iron/H202) that is believed to generate -OH radicals (15) (16) (17) (18) . It is also demonstrated that Me2SO pre-METHODS Isolated supercoiled PMB9 DNA (oa = -0.070) was either y-irradiated or incubated with a mixture of FeSO4, EDTA, and H202 to introduce single-strand breaks in the DNA. The number of breaks per DNA molecule (Br) was determined electrophoretically by separating the covalently continuous supercoiled DNA from the nicked or broken DNA on 0.8% agarose gels as described (19, 20) . Br was calculated as described (19) , with Poisson statistics, from the expression B, = In(F0), in which F0 is the fraction of the PMB9 DNA having no nicks or breaks. Irradiation was at 00C in open glass vials in a Gammacell 60 60Co source delivering a dose of roughly 1.8 krad/min (18 grays/ min). DNA was dissolved in 0.02 M Tris, pH 7.5/0.05 M NaCl with or without 280 mM Me2SO. The chemical system contained the same components plus 0.29 M H202 and various concentrations of FeSO4 and EDTA at a constant molar ratio of FeSO4/EDTA = 0.56. Incubation ofthe latter system was for 30 min at 370C. Samples from each tube were analyzed (in this case, sealed tubes were used) for CH4 by standard gas chromatography (8) . The amount ofCH4 per ml ofreaction mixture was calculated by comparison with CH4 standards; the amount of CH4 from an air blank was subtracted from each determination. Appreciable amounts of CH4 were not present in control mixtures of Me2SO and H202, Me2SO, and FeSO4/EDTA or when any ofthe constituents, including irradiation, were tested alone.
RESULTS
The frequency of breaks introduced into DNA in vitro was assessed from the relaxation of DNA supercoiling which follows the occurrence of one or more breaks in a closed DNA duplex. Negatively supercoiled PMB9 DNA was irradiated in the presence or absence of280 mM Me2SO and analyzed by electrophoresis on agarose gels. Complete resolution iof supercoiled, nicked, and linear DNA molecules was routinely obtained, which permitted the determination of the average number of breaks per PMB9 DNA molecule (19, 20) . The number ofbreaks was directly proportional to the irradiation dose (Fig. 1A) . In the Abbreviation: Me2SO, dimethyl sulfoxide.
The publication-costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (Fig. 1B) , a product of the interaction of -OH with Me2SO (8, 9) . Similar amounts of CH4 were also generated in the absence of DNA, indicating that DNA did not contribute to CH4 generation. In both cases, the amount of CH4 generated was proportional to the dose of irradiation. CH4 was not produced in the absence of Me2SO (Table 1) (Fig. 1A) . Me2SO (280 mM) completely blocked iron/H202-mediated nicking ofsupercoiled DNA. Control studies confirmed that neither FeSO4 nor H202 alone resulted in relaxation ofthe supercoiled DNA. Moreover, in parallel studies, we found that mixtures of FeSO4 and H202 also produced CH4 from Me2SO (Fig. 1B) . Production of CH4 from mixtures of iron/H202 and Me2SO was proportional to the amount of FeSO4, and CH4 production was inhibited by thiourea but not urea, superoxide dismutase, or catalase (Table 1) . Finally, we attempted to determine the relationship between CH4 production and the number of induced DNA breaks. The Numbers of DNA single-strand breaks and CH4 production were measured as described in Fig. 1 (Fig. 1B) . However, the ratio of the number ofbreaks per DNA molecule to the amount of CH4 produced was higher in the iron/H202 system than after irradiation. This indicates that the -OH produced by the iron/ H202 system was more efficient than radiation in causing DNA nicks, possibly because ofadsorption ofiron to DNA (21) . DISCUSSION The assignment ofa specific biological effect to a particular oxygen radical is a challenging problem. Thus, although it has been suggested frequently that 'OH is the primary product of irradiation and it is known that Me2SO protects certain cells from irradiation, the link and the mechanism by which irradiation damages cells have been difficult to establish and to quantitate. The present results strongly implicate 'OH in the introduction of 80% of single-strand DNA breaks. However, it is difficult to exclude the possibility that other products also quenched by Me2SO might play a role.
The fact that Me2SO completely blocked the production of breaks by the more efficient iron/H202 system but only blocked -80% of the breaks produced by irradiation suggests that about 20% ofthe latter breaks were due tosome mechanism other than -OH. Whether these breaks are produced directly, as has been suggested, or are an indication of indirect damage from some other toxic radical cannot be determined from the present data. However, although scavenging of-OH by. Me2SO generates several intermediates (22) 
